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The CLEAN COKE Process is based on a conceptual plan, 
developed by United States Steel Corporation, for converting 
nOnmetallurgica1-grade coals to metallurgical coke, chemical feed- 
stocks, and liquid and gaseous fuels (1). In accordance with the pro- 
cess, low-temperature carbonization of coal and coal hydrogenation are 
combined in a manner that affords an energy- and hydrogen-balanced 
process. Moreover, coke production-from initial carbonization to 
finished product-is implemented so as to avoid contamination of the 
atmosphere with pollutants. 

The process is shown schematically in Figure 1. Mined coal 
is beneficiated, and a portion is sent to a low-temperature carboniza- 
tion plant where pyrolysis occurs at pressures as high as 165 psia in 
a fluidized-bed system. A stream of cleaned, hydrogen-rich recycle 
gas serves as the fluidizing medium in the carbonizer vessel. The 
high partial pressure of hydrogen in the gas and the essential absence 
of sulfur impurities provide an effective hydrodesulfurization environ- 
ment whereby the sulfur content of the coal is reduced from an initial 
level of more than 2 percent to below 0 .5  percent in the resulting 
char. 
oil, and the pellets can be cured and calcined to produce the low- 
sulfur metallurgical coke. 

The char can then be pelletized with a process-derived binder 

The second portion of the beneficiated coal is sent to a 
hydrogenation plant where the coal is slurried with a process-derived 
carrier oil and subjected to noncatalytic hydrogenation at elevated 
temperature and pressure. Liquid product is separated from unreacted 
coal and mineral matter in a vapor-stripping vessel where the hydro- 
genate is contacted countercurrently with a stream of hot process 
gases and the volatile matter removed. Residual solids pass through 
a lock system into a receiving vessel and are quenched and withdrawn 
from the system. 

In the coke-preparation section, carbonization char and 
liquid binder, the latter obtained from liquids treatment, are com- 
bined in a disc pelletizer to form green pellets. These are then 
cured by heating in the presence of air to impart a degree of green 
strength, and the cured pellets are finally calcined at temperatures 
up to 2000 F (1100 C) to produce the hard metallurgical coke pellets 
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Figure 1 

Figure 2 Three-inch bench-scale carbonizer. 
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This  paper  summarizes t h e  r e s u l t s  of  s t u d i e s  on carboniza-  
t i o n  Of I l l i n o i s  N o .  6 seam c o a l  i n  a f l u i d i z e d  bed t o  produce t h e  
low-sulfur  c h a r  t h a t  i s  u l t i m a t e l y  c o n v e r t e d  t o  m e t a l l u r g i c a l  coke. 
The o b j e c t i v e s  of  t h e  c a r b o n i z a t i o n  s t u d i e s  were to  de termine  t h e  
e f f i c i e n c y  of  d e s u l f u r i z a t i o n  of  c o a l  and t o  de termine  t h e  effect  of 
c a r b o n i z a t i o n  var iab les - tempera ture ,  p r e s s u r e ,  r e a c t i o n  t i m e ,  and 
feed  pretreatment-on t h e  d e s u l f u r i z a t i o n  r e a c t i o n  ( 2 ) .  \ 

\ 

\ 

,\ 

\ 

Bench-Scale Carboniza t ion  Reactor  

For t h i s  work, a s p e c i a l  p r e s s u r i z e d  r e a c t o r  w a s  des igned  
and f a b r i c a t e d  t o  p e r m i t  c a r b o n i z a t i o n - d e s u l f u r i z a t i o n  of c o a l  i n  a 
c l o s e d  loop w i t h  r e c y c l e  of gas  under p r e s s u r e .  The bench-scale  u n i t ,  
shown i n  F i g u r e  2 ,  has  a tempera ture  l i m i t  of 1400 F (760  C) and a pres-  
s u r e  l i m i t  of 1 4 0  p s i a .  The r e a c t o r  s e c t i o n  i s  c o n s t r u c t e d  of 3-inch, 
Schedule 4 0 ,  Type 316 s t a i n l e s s - s t e e l  p i p e  i n  t h e  f l u i d - b e d  r e g i o n  
and expands t o  6-inch p i p e  above t h e  f l u i d  bed. A p e r f o r a t e d  s t a i n l e s s -  
s teel  p l a t e  s e r v e s  both  as a g a s - d i s t r i b u t o r  p l a t e  and as t h e  bed 
suppor t .  The f l u i d i z i n g  g a s  i s  h e a t e d  by a n  e lectr ic  h e a t e r  and t h e  
e x t e r n a l  h e a t e r  windings on t h e  r e a c t o r  s e c t i o n .  The h o t  g a s  l e a v i n g  
t h e  r e a c t o r  i s  c leaned  o f  any c o a l  o r  c h a r  p a r t i c l e s  by t h e  Pyrex-wool 
f i l t e r .  A f t e r  removal o f  t h e  s o l i d s ,  heavy o i l s  a r e  condensed from t h e  
g a s  i n  a water-cooled ta r  t r a p ,  and l i g h t e r  o i l s  a r e  condensed i n  a 
d r y - i c e  t r a p .  
which c o n s i s t s  of a 2-inch s t a i n l e s s - s t e e l  U t u b e  packed w i t h  Molecular 
S ieves .  G a s  f low i s  monitored by f low meters, and t h e  g a s  is recyc led  
by an a i r - d r i v e n  Haskel AGD-4-C double-ac t ing ,  s i n g l e - s t a g e  g a s  b o o s t e r  
pump. A s  a d d i t i o n a l  g a s  i s  genera ted  d u r i n g  a c a r b o n i z a t i o n ,  a c o n s t a n t  
p r e s s u r e  i s  maintained by means of a g a s  accumulator .  Water i s  r e l e a s e d  
from t h e  gas  accumulator ,  thereby  i n c r e a s i n g  t h e  volume of t h e  system; 
no g a s  i s  vented.  Recycled gas  i s  ana lyzed  f o r  hydrogen, methane, and 
carbon monoxide by a Greenbr ie r  p r o c e s s  g a s  chromatograph, which i s  
permanently connected t o  t h e  c a r b o n i z e r .  

Experimental  Procedure 

Hydrogen s u l f i d e  i s  removed by t h e  H2S a b s o r b e r ,  

A t y p i c a l  t e s t  c o n s i s t e d  of  charg ing  t h e  r e a c t o r  w i t h  1 kg 
of  c o a l  o r  a blend of 400 g of r e c y c l e  c h a r  and 400 g of c o a l ;  t h i s  
gave an expanded bed h e i g h t ,  d u r i n g  f l u i d i z a t i o n ,  of a b o u t  18 inches .  
A s y n t h e t i c  mixture  of hydrogen, methane, and carbon monoxide (approx- 
i m a t e l y  t h e  s t e a d y - s t a t e  recyc le-gas  composi t ion)  w a s  added t o  t h e  
reactor t o  t h e  d e s i r e d  test  p r e s s u r e ,  and t h e  g a s  f low rate  w a s  
a d j u s t e d  to  g i v e  a s u p e r f i c i a l  g a s  v e l o c i t y  of about  1 . 2  f e e t  p e r  
second i n  t h e  r e a c t o r .  The r e c y c l e  g a s  and t h e  reactor w e r e  then  
hea ted  t o  t h e  d e s i r e d  tempera ture ,  and the f l u i d  bed was main ta ined  
a t  t h a t  temperature  f o r  t h e  specif ied r e s i d e n c e  t i m e .  A f t e r  t h e  
r e a c t o r  cooled,  t h e  r e a c t i o n  products  w e r e  removed and ana lyzed .  

Product  water w a s  s e p a r a t e d  from t h e  c a r b o n i z a t i o n  t a r  by 
c e n t r i f u g a t i o n  t o  a l low d e t e r m i n a t i o n  of t h e  t y p e s  and amounts of 
products  a v a i l a b l e  from t h e  c a r b o n i z a t i o n  tar. The tar  was d i s t i l l e d  
a t  a p r e s s u r e  of  200  t o r r  by us ing  a Vigreux column 2.5 c m  i n  diameter  
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by 25 cm long. Three f r a c t i o n s  w e r e  o b t a i n e d :  (1) a chemical  o i l ,  
d i s t i l l i n g  to 385 F (195 C ) ;  ( 2 )  a middle o i l ,  d i s t i l l i n g  a t  385 t o  
635 F (195 to 335 C); and (3) a heavy o i l  ( r e s i d u e ) ,  d i s t i l l i n g  above 
635 F. The chemical  o i l  w a s  f u r t h e r  r e s o l v e d  i n t o  a t a r - a c i d  f r a c t i o n ,  
a t a r - b a s e  f r a c t i o n ,  and a n e u t r a l - o i l  f r a c t i o n  by e x t r a c t i o n  w i t h  
aqueous caustic and acid. 

The coal and c h a r  were analyzed by s t a n d a r d  ASTM methods. 
The t a rs  and d e r i v e d  o i l s  were c h a r a c t e r i z e d  by g a s  chromatography 
(GC) ;  tar  a c i d s  and bases w e r e  a l s o  determined by a p o t e n t i o m e t r i c  
t i t r a t i o n  procedure.  M a s s  spec t roscopy and GC w e r e  used to  ana lyze  
t h e  gaseous products .  

R e s u l t s  of T y p i c a l  Carboniza t ion  of  I l l i n o i s  C o a l  

A t y p i c a l  c a r b o n i z a t i o n  of t h e  c o a l  f e e d s t o c k  r e s u l t e d  i n  
removal of 80 p e r c e n t  o f  t h e  c o n t a i n e d  s u l f u r  and gave t h e  fo l lowing  
y i e l d  o f  products ,  i n  weight  p e r c e n t  o f  t h e  charge:  c h a r ,  66.4; t a r ,  
13.9; g a s ,  14 .6 ;  and water, 5.1. These r e s u l t s  were o b t a i n e d  w i t h  a 
preoxid ized  f e e d  coal and w i t h  t h e  c a r b o n i z e r  o p e r a t e d  a t  1365 F 
( 7 4 0  C )  and a p r e s s u r e  of  80 psia f o r  a 30-minute r e s i d e n c e  t i m e .  
E f f i c i e n c y  of  s u l f u r  removal i s  i l l u s t r a t e d  by t h e  r e d u c t i o n  of s u l f u r  
c o n t e n t  i n  t h e  s o l i d  materials from 1.7 p e r c e n t  i n  t h e  c o a l  to 0 .5  per- 
c e n t  i n  t h e  c h a r  product .  

F igure  3 i l l u s t r a t e s  stream f low and p r o d u c t  d i s t r i b u t i o n  
i n  a t y p i c a l  c a r b o n i z a t i o n  test .  Exper imenta l ly ,  t h e  y i e l d s  of char  
and gas a r e  r e a d i l y  measured, b u t  y i e l d  o f  l i q u i d s  is d i f f i c u l t  to  
measure q u a n t i t a t i v e l y  because of  mechanical  problems i n  removing 
w a t e r  and tar f r o m  the u n i t .  Consequent ly ,  handl ing  losses were 
d i s t r i b u t e d  p r o p o r t i o n a t e l y  between water and tar  t o  p r o v i d e  over-  
a l l  m a t e r i a l  ba lance .  

R e s u l t s  from a n a l y s i s  of t h e  c h a r  product  are p r e s e n t e d  i n  
Table  I ,  along w i t h  cor responding  r e s u l t s  f o r  t h e  f e e d  c o a l .  The 
s u l f u r  c o n t e n t  of t h e  c h a r  (0 .5%) i s  s i g n i f i c a n t ,  s i n c e  t h i s  i n d i c a t e s  
t h a t  t h e  c h a r  can  be conver ted  to  a coke p r o d u c t  c o n t a i n i n g  less than 
0.5 p e r c e n t  s u l f u r .  Of t h e  s u l f u r  removed from t h e  coal, a b o u t  85 per- 
c e n t  w a s  conver ted  to  hydrogen s u l f i d e ,  and t h e  rest w a s  s e p a r a t e d  a s  
v o l a t i l e  o r g a n i c  s u l f u r  compounds found mainly i n  t h e  tar. 

The g a s  p r o d u c t ,  a f t e r  removal of hydrogen s u l f i d e ,  had 
t h r e e  m a j o r  c o n s t i t u e n t s :  hydrogen, methane, and carbon monoxide i n  
t h e  molar  ra t io  of 40:52:8. Small  amounts of  e t h y l e n e ,  e thane ,  
propane,  and carbon d i o x i d e  were a l s o  i d e n t i f i e d ,  a l though none 
w a s  p r e s e n t  i n  s i g n i f i c a n t  c o n c e n t r a t i o n .  

To de termine  i t s  chemical composi t ion,  t h e  c a r b o n i z a t i o n  
t a r  w a s  d i s t i l l e d  to  d i v i d e  it i n t o  20 p e r c e n t  chemical  o i l ,  37 percent  
middle o i l ,  and 43 p e r c e n t  heavy o i l .  The chemical  o i l  w a s  then  
e x t r a c t e d  to s e p a r a t e  tar  acids, tar bases, and n e u t r a l  o i l ,  and 
i n d i v i d u a l  components were i d e n t i f i e d  by g a s  chromatography. By 
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Table I 

Analyses of Feed Coal and Product Char 

t 
\ 

\ 

\ 

Analysis, wt % Coal Char 

Proximate 
Volatile matter 34.3 1.60 
Fixed carbon 59.5 89.18 
Ash 6.2 9.22 

Ultimate 
Carbon 
Hydrogen 
Nitrogen 
Oxygen 
Sulfur 
Ash 

75.48 86.58 
5.21 1.64 
1.72 1.27 
9.71 1.52 
1.74 0.50 
6.14 8.49 

type of compound, the chemical oil consists of about 55 percent 
phenols, 20 percent benzenes, 7 percent each of tar bases and naphtha- 
lene, with the balance being naphthenes and heterocyclics. 

The water produced during the carbonization reaction contains 
compounds typically found in waste water from conventional coke-oven 
operations. The component analysis of the water is given in Table I1 
and shows a dissolved ammonia content of about 3 percent and a tar- 
acid content of almost 0.6 percent. Dissolved salts, including the 
thiocyanates, cyanides, sulfates, and sulfides, total about 3800 ppm. 
Cleanup of this stream will be necessary, but it will be simplified in 
this process by confining all the discharged water to a single stream. 

Effects of Carbonization Reaction Conditions 

A study was made to assess the effects of residence time, 
temperature, and pressure on the carbonization reaction and products. 
This study was limited by the relatively slow heat-up rate of the 
3-inch unit, in which about 70  minutes was required to reach 1150 F 
(620 C) and about 100 minutes to reach 1365 F. For convenience in 
measuring times, heat-up periods were excluded, and residence times 
were'measured only from that point at which the fluid bed reached the 
desired test temperature. However, it was recognized that intermediate 
temperatures above about 800 F (425 C) contributed an unmeasured, but 
significant, effect to residence time. To study the effect of heat-up 
time on coal desulfurization, a test was performed at nominal zero 
residence time, 1365 F, and 80 psia. The results from this test, 

Y 
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Table I1 

A n a l y s i s  of  Product  Water From Carboniza t ion  

Component Par t s  per  M i l l i o n  

SCN- 
CN - - 
so4 
S= 

NH3 
Phenol 
o-Cresol 
m,p-Cresol 
Xylenols  

1 ,171  
74 

2,050 
562 

33,320 
3,200 

700 
1,500 

500 

a long  w i t h  r e s u l t s  o b t a i n e d  w i t h  t h e  30-minute r e s i d e n c e  t i m e ,  are 
shown i n  T a b l e  111. Gas composi t ions and c h a r . y i e l d s  w e r e  v e r y  s imilar  
f o r  t h e  two tests;  t h e  hydrogen c o n t e n t  of t h e  g a s  w a s  a b o u t  38 p e r c e n t ,  
and t h e  c h a r  y i e l d  w a s  66 p e r c e n t .  The s u l f u r  c o n t e n t  of t h e  c h a r  
a t  0- and 30-minute r e s i d e n c e  t i m e s  w a s  0.73 and 0.51 p e r c e n t ,  
r e s p e c t i v e l y .  The data i n d i c a t e  t h a t  t h e  coal is d e v o l a t i l i z e d  and 
s i g n i f i c a n t l y  d e s u l f u r i z e d  d u r i n g  t h e  heat-up p e r i o d .  However, 
i n c r e a s e d  d e s u l f u r i z a t i o n  o f  t h e  c h a r  i s  achieved by t h e  a d d i t i o n a l  
r e s i d e n c e  t i m e  a t  t h e  r e a c t i o n  tempera ture .  

Table I11 

E f f e c t s  of T i m e  and Temperature on 
D e s u l f u r i z a t i o n  of  Coal a t  80 p s i a  

Temperature,  F 1365 

Time a t  Temp, min 0 

Fluidizing-Gas 
Composition, m o l e  % 

H 2  38 
CH4 52 
co 10 

S u l f u r  Content ,  w t  % 
Coal 1 .76 
Char 0.73 

1365 

30 

4 0  
52 

8 

1.76 
0.51 

1150 

30 

27 

173  

1.76 
0.85 



39 

\ 

I 

i 

The effect of temperature on coal desulfurization was 
determined by carbonizing the preoxidized coal at 1150 F and 1365 F 
(80 psia and 30 minutes). The results of these tests, also in 
Table 111, show the improvement in desulfurization and the hydrogen 
enrichment of the recycle gas with increasing temperature. However, 
in considering the slow rate of heat-up, it is seen that about 
70 minutes of heating time is required to reach 1150 F, and 100 minutes 
is required for 1365 F. Therefore, a comparison of an 1150 F, 30-minute 
carbonization with a 1365 F, 0-minute carbonization may be more valid, 
since the total heat-up time plus residence time is the same. The 
sulfur content of the char produced at 1365 F and 0 minutes is 0.73 per- 
cent, which is lower than the 0.85 percent sulfur for the 1150 F, 
30-minute char, This demonstrates that an increase in temperature 
does indeed improve desulfurization of the coal. 

A sexies of three carbonizations of preoxidized coal was 
conducted at 1365 F and pressures of 30, 80, and 125 psia to study 
the effect of pressure on the desulfurization of the coal. Nominal 
residence time for these tests was 30 minutes. Desulfurization of 
the coal improved with increasing operating pressure, and steady-state 
gas data showed, as expected, decreasing hydrogen and increasing 
methane contents with increased operating pressure. Summary data 
for these carbonization tests at 30, 80, and 125 psia are presented 
in Table IV and demonstrate a definite advantage for higher-pressure 
operation with respect to desulfurization of the coal. Corresponding 
char products contained 0.77, 0.50, and 0.33 percent sulfur. The 
improvement in sulfur removal is the result of higher partial pressure 
of hydrogen, which of course increased in this series although the 
hydrogen concentration in the recycle gas decreased with higher 
pressures. 

Table IV 

Effect of Pressure on 
Desulfurization of Coal at 1365 F 

Recycle-Gas Sulfur Content, 

psia CHq - co - Dry Coal s& 
30 54.4 34.4 10.9 1.74 0.77 
80 39.4 51.8 8.5 1.74 0.50 
125 32.4 60.0 7.2 1.74 0.33 

Pressure, Composition, mole % wt % 

Studies on Modification of Feed Coal 

Modification of the coal feed for fluid-bed carbonization 
tests was done to ensure that the fluid natur'e of the bed was not lost 
during the heat-up period. A fluid bed is essentially a suspension 
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o f  s o l i d  p a r t i c l e s  (coal or c h a r  o r  b o t h )  i n  a f lowing  g a s  s t ream. 
Because a l l  t h e  p a r t i c l e s  are i n  motion, a f l u i d  bed e x h i b i t s  many 
o f  t h e  p r o p e r t i e s  of a b o i l i n g  l i q u i d ,  i n c l u d i n g  r a p i d  h e a t  t r a n s f e r  
th roughout  t h e  mass ( 3 ) .  A l s o ,  t h e  f l u i d  n a t u r e  p e r m i t s  cont inuous  
a d d i t i o n  of f e e d  and wi thdrawal  of product ,  which f a c i l i t a t e s  cont in-  
uous o p e r a t i o n .  However, when a caking  c o a l ,  such a s  I l l i n o i s  N o .  6 
seam coal, is h e a t e d  t o  about  750 F, t h e  s o l i d  p a r t i c l e s  of c o a l  be- 
come p l a s t i c  and s t i c k  t o g e t h e r  i n  an agglomerated mass t h a t  d e s t r o y s  
t h e  f l u i d  state. 

Agglomeration of  caking  coals can  be avoided by mild pre-  
o x i d a t i o n  t o  chemica l ly  a l te r  t h e  s u r f a c e  of t h e  c o a l  p a r t i c l e s ,  or by 
b l e n d i n g  the  c o a l  w i t h  a noncaking c h a r ,  which p h y s i c a l l y  s e p a r a t e s  
t h e  sof tened  c o a l  p a r t i c l e s  i n  t h e  p l a s t i c  r e g i o n  ( 4 , 5 ) .  

The  e f f e c t  o f  coal p r e o x i d a t i o n  on d e s u l f u r i z a t i o n  and t a r  
composi t ion w a s  determined by c a r b o n i z i n g  unoxidized and preoxid ized  
coal a t  1365 F and 80 p s i a .  Unoxidized c o a l  was carbonized  w i t h  an 
e q u a l  amount of r e c y c l e  c h a r  t o  avoid agglomera t ion .  For c o n t r o l  
purposes ,  a sample o f  t h e  r e c y c l e  c h a r  w a s  carbonized  n e a t  t o  
e s t a b l i s h  t h e  e x t e n t  of  d e s u l f u r i z a t i o n  and g a s i f i c a t i o n  t h a t  o c c u r s  
under  c o n d i t i o n s  o f  t r e a t m e n t .  The r e s u l t s  o f  t h e  c o n t r o l  test ,  
g iven  i n  T a b l e  V,  show a r e d u c t i o n  i n  s u l f u r  c o n t e n t  from 0.88 t o  
0.49 p e r c e n t  and a weight  loss o f  1.2 p e r c e n t .  The r e s u l t s  of  t h e  
tes t  w i t h  a blend  o f  unoxid ized  c o a l  and r e c y c l e  char are a l s o  
p r e s e n t e d  i n  Table V, ar?d show an a p p a r e n t  8s p e r c e n t  d e s u l f u r i z a t i o n .  
On t h e  assumption o f  no i n t e r a c t i o n s  between r e c y c l e  c h a r  and f e e d  
coal, it is c a l c u l a t e d  t h a t  c h a r  produced from t h e  c o a l  p o r t i o n  o f  
t h e  c a r b o n i z e r  f e e d s t o c k  c o n t a i n e d  o n l y  0.34 p e r c e n t  r e s i d u a l  s u l f u r .  
Whether or n o t  i n t e r a c t i o n s  between c h a r  and c o a l  w e r e  a c t u a l l y  
o c c u r r i n g  dur ing  c a r b o n i z a t i o n ,  t h e  c h a r  s u l f u r  c o n t e n t  w a s  still  a t  
a low level and c e r t a i n l y  d i d  n o t  exceed t h e  0.43 p e r c e n t  va lue  
determined f o r  t h e  t o t a l  char. 

A comparison of t h e  c a r b o n i z a t i o n s  o f  unoxidized and pre- 
o x i d i z e d  c o a l  a t  1365 F, 80 p s i a ,  and 30 minutes  r e s i d e n c e  t i m e  i s  
a l so  g iven  i n  Table  V. Carboniza t ion  of t h e  unoxidized coal gave 
a p p a r e n t l y  b e t t e r  d e s u l f u r i z a t i o n ,  less c h a r ,  and more t a r  than  
c a r b o n i z a t i o n  of p r e o x i d i z e d  coal; however, t h e s e  r e s u l t s  r e p r e s e n t  
a s i n g l e  set  o f  d a t a  and may o n l y  i n d i c a t e  t h e  e f f e c t  of s m a l l  v a r i a -  
t i o n s  i n  r e a c t i o n  t i m e  and temperature .  

Feed c o a l  f o r  these tests w a s  p reoxid ized  i n  t h e  3-inch 
c a r b b n i z e r  b y  u s i n g  h e a t e d  a i r  as t h e  f l u i d i z i n g  medium.  
c o n d i t i o n s  included a tmospher ic  p r e s s u r e ,  a tempera ture  of  350 F (175 C ) ,  
and a r e s i d e n c e  t i m e  of  a b o u t  1 0  minutes .  When c o a l / c h a r  b lends  
were used  to  p r e v e n t  bed agglomera t ion ,  char  from p r e v i o u s  carboniza-  
t i o n s  w e r e  used i n  a weight  r a t io  of 1 t o  1. 

T r e a t i n g  

I 

I 

i’ 



Yield Data, wt % 
Char 
Tar 
Water 
Gas + loss 
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Table ' V 

Effects of Feed Modification 
on Desulfurization of Coal 

Preoxidized Unoxidized 
Coal Coal + Char Char 

66.4 
12.2 
3.3 
18.2 

61.3 
15.5 
5.0 
18.2 

98.8 - 
- 
1.2 

Sulfur Analysis, wt % 
Coal 1.76 1.79 

Final char 0.51 0.43 0.49 

- 
Starting char - 0.88 0.88 

Continuous Carbonization of Coal in Two Stages 

Both preoxidation of coal and blending of coal with recycle 
char effectively eliminated bed agglomeration in batch tests, which 
were limited by a rather slow heating rate of 10 degrees per minute. 
However, subsequent tests on continuous feeding of preoxidized coal 
to a hot fluid bed resulted in agglomeration of the bed, because 
continuous feed addition results in a much faster heating of the 
added coal. The heating rate in continuous operation appears to be 
about 10 degrees per second, which generates sticky tars at a rate 
faster than that at which tars can be vaporized away from the bed. 
and agglomeration results. 

Subsequent tests on continuous feeding led to the develop- 
ment of a two-stage system, involving partial devolatilization of 
oxidized coal in a fluid bed operating at temperatures in the range 
800 to 840 F (425 to 450 C), followed by carbonization in a fluid bed 
at temperatures of 1300 to 1400 F (700 to 760 C ) .  A sample of 20- by 
65-mesh Illinois coal was stage-carbonized in the 3-inch bench unit. 
In both devolatilization and carbonization stages, the coal was added 
to the top of the bed, using a rotary feed valve. Recycle gas was the 
fluidizing gas in both stages. During the first stage, 200 g of coal 
that'had been oxidized at 350 F was added at the rate of 14 g per 
minute to a fluid bed of 800 g of coal which had been held at 840 F 
for 10 minutes. After all the coal was added, the bed was maintained 
at temperature for 20 minutes at 125 psia. The devolatilized coal 
(semichar) removed weighed 760 g and contained 16 percent volatile 
matter, an indication that about 218 g of volatiles had been removed 
from the coal; handling loss was about 18 g. 
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A p o r t i o n  (520 g )  of t h e  Demichar w a s  r e t u r n e d  to  t h e  reactor 
and hea ted  t o  1380 F (750 C )  a t  125 p s i a .  A f t e r  a 15-minute h o l d ,  
200 g o f  t h e  semichar  was added t o  t h e  f l u i d  bed a t  1 4  g p e r  minute.  
When a l l  t h e  c o a l  w a s  added, t h e  bed was ma in ta ined  a t  t empera tu re  f o r  
15  minutes .  

The r ecove red  c h a r  weighed 557 g and con ta ined  1.86 p e r c e n t  
v o l a t i l e  m a t t e r ,  a n  i n d i c a t i o n  t h a t  abou t  104 g o f  v o l a t i l e s  w a s  
removed from t h e  p a r t i a l l y  d e v o l a t i l i z e d  coal: s o l i d s  loss w a s  abou t  
50 g ,  which i n c l u d e s  some hand l ing  l o s s  and p a r t i a l  g a s i f i c a t i o n  of t h e  
f i x e d  carbon.  

F igu re  4 i s  a summary of t h i s  s t a g e d  c a r b o n i z a t i o n  and 
i n c l u d e s  t h e  y i e l d  of p r o d u c t  a t  each s t a g e ,  c o r r e c t e d  f o r  losses. 
The f i g u r e  i n d i c a t e s  t h a t  t h e  y i e l d  of semichar w a s  78.2 p e r c e n t  of t he  
p r e o x i d i z e d  feed i n  t h e  f i rs t  stage, and abou t  63 p e r c e n t  of t h e  vola-  
t i l e  m a t t e r  was removed. The p roduc t  c h a r  f r o m  t h e  second s t a g e  was 
o b t a i n e d  i n  66.9 p e r c e n t  y i e l d  o v e r a l l .  

R e s u l t s  o f  p rox ima te  and u l t i m a t e  a n a l y s e s  f o r  the o x i d i z e d  
c o a l  and t h e  p r o d u c t s  o f  e a c h  stage of c a r b o n i z a t i o n  are p r e s e n t e d  i n  
Tab le  V I .  D e s u l f u r i z a t i o n  was s i g n i f i c a n t  d u r i n g  t h e  f i r s t  s t a g e ,  a 
d e c r e a s e  i n  s u l f u r  c o n t e n t  from 2.28 p e r c e n t  t o  1.63 p e r c e n t .  The 
s u l f u r  c o n t e n t  o f  t h e  c h a r  w a s  0.33 pe rcen t .  The n i t r o g e n  c o n t e n t  
v a r i e d  f r o m  1.67 to  2.05 t o  1.49 p e r c e n t ,  an  i n d i c a t i o n  t h a t  n i t r o g e n  
compounds r e a c t  i n  t h e  f i n a l  c a r b o n i z a t i o n  stage almost e x c l u s i v e l y .  

T a b l e  V I  

A n a l y s i s  of P roduc t s  of 
S t aged  Carbon iza t ion  of C o a l  

Temperature,  F 

P r e s s u r e ,  p s i a  

Ana lys i s  o f  P roduc t s ,  w t  % 

V o l a t i l e  Ma t t e r  
F ixed  Carbon 
Ash 

U 1 t i m a  te  
S u l f u r  
Carbon 
Hydrogen 
Nitrogen 

Proximate 

P a r t i a l l y  
Devola- 

P reox id ized  t i . l i z e d  

350 840 

15 125 

34.31 15.96 
58.72 74.50 

6.97 9.54 

2.28 1.63 
72.96 74.80 

5.07 3.97 
1.67 2.05 

Carbonized 

1380 

125 

1.86 
87.43 
10.71 

0.33 
86.29 

1.66 
1.49 

i 
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MATERIAL BALANCE FOR TYPICAL CARBONIZATION 

r Carbonization 
at 1365 F & 60 psis 

1 m 9  - - GRY 
Coal for 30 min Fluidizing 

.h 

Figure  3 

STAGED CARBONIZATION (Lon-Free Basis1 

Carbonization 

Volatile 

Volatile 
Matter 
112.6 g 

Carbonization 
at 1380 F 

669.4 g 
11.66% VMI 

Figure 4 
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Figure 5 Carbonization process-development unit 
fo r  CLEAN COKE project. 
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Current work on the CLEAN COKE Process is being conducted 
) 

1 
in a 500-pound-per-day process-development unit (PDU). The carboniza- 
tion PDU, Figure 5, consists of a 10-inch-diameter fluid-bed reactor 
with lock hoppers for coal feed and char product, and gas-cooling and 

gas. Preliminary testing and shakedown runs in the PDU have been 
completed, and carbonization tests are now in progress to provide 
data on continuous operation in the unit. Results from these scale- 
up tests will be published when the work is complete. 

1 

, -scrubbing equipment for recovery of heat and tar from the recycle 
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